An in situ nucleic acid hybridization (ISH) technique was developed to detect bluetongue virus (BTV) RNA in cell culture. The sensitivity of the ISH technique was compared with virus isolation (VI) and antigen detection, using an indirect fluorescent-antibody (IFA) or an enzyme immunocytoassay (EICA) technique, for detection of 5 BTV serotypes indigenous to the United States. The VI was the most sensitive technique, detecting BTV early after infection of the cells. The IFA and EICA were of similar sensitivity; BTV antigen could be detected shortly after demonstration of virus by isolation. The sensitivity of ISH for detection of BTV-17 was equivalent to that of antigen detection. The ISH was not as sensitive as VI or antigen detection when assaying for the other BTV serotypes.
Bluetongue virus (BTV) is an arthropod-borne Orbivirus in the family Reoviridae that causes disease in domestic and wild ruminants. 17 There are 24 serotypes of BTV worldwide, 5 of which are enzootic to the United States: serotypes 2, 10, 11, 13, and 17. 1,12 The viruses have multipartite genomes consisting of 10 double-stranded RNA segments, each of which codes for at least 1 viral protein. 28 The virion has a core consisting of 2 major proteins, VP3 and VP7, and 3 minor proteins, VPl, VP4, and VP6. 27 The core is surrounded by a diffuse protein layer consisting of 2 proteins, VP2 and VP5. The BTV genome also codes for at least 3 additional proteins, NSl, NS2, and NS3. 13, 26 Bluetongue is principally a disease of sheep with mild to severe clinical symptoms. 3, 17 Infection of cattle is often not apparent, but infection in utero can cause congenital malformations or fetal death resulting in resorption or abortion. 18 The virus also infects other wild and domestic ruminants. Bluetongue viruses are transmitted by biting midges; the principal vector in the United States is Culicoides variipennis.
Virus isolation is the most reliable confirmation of BTV infection, because difficulties arise in the interpretation of serological results. 8 Originally, BTV isolations were made by inoculation of clinical specimens into susceptible sheep, but this has largely been replaced by virus isolation in embryonated chicken eggs (ECE) and cell culture. 15 Although these assays are an improvement over sheep inoculation, isolation and identification of BTV field isolates still requires 2-4 weeks. Rapid diagnostic tests for BTV are needed. Techniques to detect BTV antigens in cell culture and tissue sections are being used with increasing frequency in clinical laboratories. 5, 6, 11, 15 However, low levels of synthesis and degradation of antigens in clinical specimens cause difficulties in antigen detection.
Nucleic acid hybridization permits direct detection of virus-specific nucleic acids, thereby precluding the problems of latency, virus inactivation, or antigen degradation and the problems associated with serodiagnosis. 2 Nucleic acid hybridization techniques have been used to detect BTV target nucleic acids in situ and in samples blotted onto solid supports. 7, 9, 10, [23] [24] [25] 29 We report here the development of an in situ hybridization (ISH) technique for detection of BTV analyte in cell cultures and the comparison of the sensitivity of the technique to virus isolation and antigen detection.
Materials and methods

Bluetongue viruses
Bluetongue virus serotypes 2, 10, 11, 13, and 17 were used in these studies. The BTV-2, ONA B strain was isolated from bovine blood collected in Ona, Florida in 1982. The virus had been passaged once in embryonated chicken eggs (ECE), twice in BHK-21 cells, and plaque-purified 7 times in L-929 cells. The BTV-10, BT-8 strain was isolated from ovine blood collected in California in 1953. The virus was passaged once in sheep, once in ECE, and 3 times in BHK-21 cells. The BTV-11, BT station strain was originally isolated from the blood of a lamb in Texas in 1962. The virus was passaged once in ECE and 5 times in BHK-21 cells. The BTV-13,67-41B strain was isolated from bovine blood collected in Idaho in 1967. The virus was passaged twice in sheep, once in ECE, 6 times in lamb kidney cells, once in BHK-21 cells, and plaque-purified 7 times in L-929 cells. The BTV-17, 62-45S strain was isolated from ovine blood in Wyoming in 1962. The virus had been passaged twice in sheep, once in ECE, and 4 times in BHK-21 cells. For these studies, all virus stocks were prepared in BHK-21 cells.
Cell culture
The BHK-21 cells were propagated in L-15 (Leibovitz) growth medium a containing L-glutamine, 10% tryptose phosphate broth, 8% heat-inactivated fetal bovine serum (FBS), penicillin (50 U/ml), and streptomycin (50 &ml). The maintenance medium lacked tryptose phosphate broth and contained 2% FBS. Cells were propagated at 34 C in a humid incubator without CO,.
Virus isolation (VI)
Virus-containing samples were titrated in BHK-21 cells and/or by intravenous inoculation of 11-day-old ECE. For titrations in cell culture, 50-µ1 aliquots of serial lo-fold dilutions of each virus preparation were added to 8 wells of a 96-well microtiter plate. Subsequently, 150 µ1 of medium containing 7,500 cells were added to each well. The plates were incubated at 34 C and examined for 5-7 days for cytopathic effect (CPE). Titers were calculated by the method of Karber. 16 For titrations in ECE, 100-µ1 aliquots of each virus 10fold dilution were intravenously inoculated into 6 11-dayold embryos. 19 The eggs were incubated in a humidified egg incubator for 7 days at 33.6 C. Embryos dead on the day after inoculation were considered to be nonspecific deaths. Titers were calculated by the method of Karber. 16 
Antibody
The mouse anti-BTV monoclonal antibody used in the antigen detection assays is specific for the BTV-10 nonstructural protein NS1, which is coded for by genome segment 5. Antibody consisted of medium from a hybridoma cell line. b
Preparation of samples for BTV detection
Samples for virus detection were prepared by conducting growth curves for each BTV serotype. Cells were seeded (2-5 x 10 5 cells) into square petri plates containing 3 sterile poly-D-lysine-coated microscope slides. Cells were grown for 24 hr in L-15 growth medium in a humid incubator without CO, at 34 C. Each virus, at a multiplicity of infection of 0.2, was allowed to adsorb to the cells for 1 hr at 34 C. The cells were washed 3 times with saline A, and 20-25 ml of growth medium was then added. At 0, 3, 6, 9, 12, 18, 24, 36, 48, 60 , and 72 hr postinfection (PI), slides were removed for virus isolation, antigen detection, and ISH. For virus isolation, the cells were scraped from 1 microscope slide, and the cell suspension was titrated. For antigen detection or ISH, slides were rinsed twice in phosphate-buffered saline (PBS), pH 7.6, fixed at room temperature for 15 min in freshly prepared 4% paraformaldehyde in PBS (buffered paraformaldehyde) containing 5 mM MgCl 2 , and stored in 70% ethanol at 4 C.
Probe construction
The probe was a complementary DNA (cDNA) of the L3 genome segment of BTV-17 cloned into pBR322 ( Fig. 1) . The insert is 2,772 base pairs (bp) in length and codes for the viral polypeptide VP3. 21 The probe, pBTV17-3, is groupreactive and hybridizes to the BTV L3 RNA genome segments of the 5 serotypes enzootic in the United States, and 14 other BTV serotypes isolated from around the world. 23 Weak cross-hybridization with the cognate genes of epizootic hemorrhagic disease virus of deer was reported. 29 Plasmid DNA was isolated using a modification of the alkaline lysis method. 20 Probes were labeled with alpha-35 S dATP using nick-translation 22 kits. c The specificity of the probe was demonstrated in developmental studies. 24 Controls included the use of plasmid lacking the BTV cDNA insert and plasmids containing sequences from bovine herpesvirus (BHV) and bovine viral diarrhea virus (BVDV), which also have been associated with bovine reproductive disease. Cell cultures were infected with BTV, BHV, or BVDV and hybridized with each of the probe constructs; only homologous systems yielded specific hybrids. 24
Antigen detection techniques
Indirect fluorescent-antibody (IFA) technique. Cells were rehydrated in PBS for 10 min at room temperature, air dried, and stained with the anti-BTV mouse monoclonal antibody for 1 hr at 37 C in a humidified chamber. Slides were washed 3 times in PBS, rinsed in distilled water, and air dried. Fluorescein-conjugated goat immunoglobulin G (IgG) anti-mouse IgG d was added and incubated for 1 hr at 37 C. The slides were washed in PBS, and coverslips were mounted with PBSglycerol (1:9). The slides were examined with an epifluorescence microscope equipped with an HBO 100-W high pressure mercury burner and an IF-490 exciter filter.
Enzyme immunocytoassay technique (EICA). Cells were rehydrated in PBS, and the anti-BTV monoclonal antibody was added. After 1 hr, slides were washed, rinsed, and air dried. A biotin-conjugated goat IgG anti-mouse IgGe was added and incubated for 1 hr at 37 C. After washing in PBS, an avidin-biotin-horseradish peroxidase complex (ABC-HRP) f was added and incubated for 1 hr at 37 C. After The reaction was stopped by rinsing the slides in 2 x SSC. Coverslips were mounted with PBS-glycerol (1:9), and the slides were examined for signal using a transmitted light microscope.
In situ hybridization
The cells were rehydrated in PBS and air dried. The probe was denatured by combining with 250 µg/ml salmon sperm DNA and 50% formamide and heating to 100 C for 5 min. After quenching on ice, probe was then added to the hybridization solution (50% deionized formamide, 10% dextran sulfate, 2 x SSC, 10 mM Vanadyl Ribonucleoside Complex, g 250 µg/ml salmon sperm DNA, and 100 mM dithiothreitol [DTT]). Twenty-five microliters of probe solution was added to each slide, and the solution was covered with a sterile siliconized glass coverslip, which was sealed to the slide with a bead of rubber cement. The BTV genome analyte was denatured by heating the slides to 90 C for 10 min and cooling with ice. Hybridization occurred for 16 hr at 37 C. Following hybridization, slides were washed 3 times in 2 x SSC containing 50% deionized formamide at 37 C for 3 min, twice in 2 x SSC at 37 C for 3 min, and once in 2 x SSC at room temperature for 3 min.
Detection of hybridized probes
Hybrids formed with radioactive probes were detected by autoradiography, using the nuclear track emulsion NTB-2, h following instructions of the manufacturer. Cells were counterstained with Mayer's hematoxylin and examined for silver grains by light microscopy.
Results
Comparison of virus isolation systems
Cell culture-adapted BTV stock viruses were titrated in cell culture and ECE (Table 1) . Although ECE is the standard for BTV isolation, the time and expense of ECE titrations was thought to be prohibitive. Titers and ratios of mean 50% log,, embryo lethal dose (ELD 50 ) per ml to mean 50% log,, tissue culture infective dose (TCID 5O ) per ml were calculated (Table 1) . Titers were slightly higher in ECE for all 4 serotypes. The ratio of the mean log 10 ELD 50 to the mean log 10 TCID 50 per ml ranged from 1.3 to 1.5. These ratios provided a mechanism to compare the relative sensitivities of the developed techniques back to ECE.
Kinetics of BTV detection by virus isolation, antigen detection, and in situ hybridization
Virus isolation, antigen detection, and ISH results for all 5 BTV serotypes are summarized in Table 2 and Fig. 2 . The actual data obtained with BTV-17 are presented in Table 3 to illustrate the results obtained. Input virus was frequently detectable by VI (Table 2 ; Fig. 2 ). BTV-10 antigen was detected by IFA in a few cells at 0 and 3 hours PI (Fig. 2) . Signal resulting from antigen detection and in situ hybridization increased in intensity in individual cells and in the number of cells involved. At 72 hours PI virtually every cell in the field expressed some signal (Fig. 3) .
Bluetongue virus serotype 2 was isolated at 0 and 3 hours PI (Table 2) . After an eclipse phase, 1.9 log 10 TCID 50 per ml of virus was detected at 12 hours PI. Maximum titer was 5.8 log 10 TCID 50 per ml at the culmination of the study. Antigen was initially detected at 36 hours PI by IFA and at 18 hours PI by EICA. Nucleic acids were initially detected at 36 hours PI (Fig. 2) .
Bluetongue virus serotype 10 was isolated throughout the growth curve study (Table 2; Fig. 2) . Virus titer increased from 2.8 log 10 TCID 50 to 6.6 log 10 TCID 50 per ml at the culmination of the study. Antigen was detected throughout the study by IFA and was initially detected by EICA at 6 hours PI. Nucleic acids were initially detected at 24 hours PI (Fig. 2) .
Bluetongue virus serotype 11 was isolated throughout the growth curve study (Table 2; Fig. 2) . Virus titer increased from 2.3 log 10 TCID 50 to 6.8 log 10 TCID 50 per ml at the culmination of the study. Antigen was initially detected at 6 hours PI by both IFA and EICA. Nucleic acids were initially detected at 18 hours PI (Fig. 2) .
Bluetongue virus serotype 13 was first isolated at 3 hours PI and then again from 12 hours PI until the culmination of the study (Table 2 ; Fig. 2 ). After an eclipse phase, 2.1 log,, TCID 50 per ml of virus was detected at 12 hours PI. Maximum virus titer was 6.8 log,, TCID 5O per ml at the culmination of the study. Antigen was initially detected at 24 hours PI by both IFA and EICA. Nucleic acids were initially detected at 36 hours PI (Fig. 2) .
Bluetongue virus serotype 17 was isolated throughout the growth curve study (Table 3 ; Fig. 2) . Virus titer increased from 2.1 log 10 TCID 50 to 6.9 log,, TCID 50 per ml at the culmination of the study. Antigen was initially detected at 6 hours PI by both IFA and EICA, and nucleic acids were initially detected at 6 hours PI (Table 3 ; Fig. 2 ).
Discussion
For BTV diagnosis by nucleic acid hybridization to be applied in the clinical setting, the tests must be simplified and standardized. This ISH protocol minimizes the number of steps previously used, presumably because the use of radiolabeled probes precluded the need for extensive permeation of plasma mem- branes and secondary fixation. 4 This protocol omitted many of the steps required for nonradioisotopic detection of analyte, including prehybridization washes with HC1 and Triton-X 100, protease treatment, and secondary fixation. 4 The kinetic studies allowed direct comparison of the sensitivity of VI, IFA, EICA, and ISH. Virus isolation was the most sensitive assay, often detecting input virus. This may have been due in part to isolation from both infected cells and cell culture medium. In contrast, antigen detection and ISH detected only intracellular virus.
Sensitivity of the 2 antigen detection techniques for the BTV serotypes was similar and correlated with the titer of virus. Antigen was detected when the virus titer was between 2.0 and 3.5 log 10 TCID 50 per ml. Detection of BTV-10 antigen throughout the growth curve study was unexpected (Fig. 2) . A limited number of cells (<5%) contained viral antigen at 0 and 3 hours PI. Serotypes BTV-11 and BTV-17, which are serologitally closely related to BTV-10, were detected at 6 hours PI, and the more distantly related BTV-2 and BTV-13 were detected later. Differences in time to detection may be due in part to the detection affinity of the monoclonal antibody. The antibody was prepared against the NS1 protein of BTV-10, and the homologous system was the most sensitive. Early detection may be due to the abundance of NS1 protein in infected cells. Alternatively, the BTV-10 stock virus inoculum may have contained aggregates of virions, antigens, or associated cell debris that bound to or were pinocytosed by cells. Such aggregates could be detected by IFA. The basis for detection of BTV-10 antigen at 0 and 3 hours PI remains to be determined.
In general, ISH was not as sensitive as VI or IFA For the indirect fluorescent-antibody technique, the primary antibody was anti-BTV mouse monoclonal antibody and the secondary antibody was FITC-conjugated goat IgG anti-mouse IgG antibody. BTV-11 uninfected cells (A) and infected BHK-21 cells (B). For the enzyme immunocytoassay technique the primary antibody was anti-BTV mouse monoclonal antibody and the secondary antibody was biotin-conjugated goat IgG. The detector system was avidin-biotin(ABC)horseradish peroxidase complex with 3',3' diaminobenzidene (DAB) and hydrogen peroxide as substrate. BTV-11 uninfected cells (C) and infected BHK-21 cells (D). For in situ hybridization, nucleic acids were detected with the 35 S-labeled complementary DNA probe, pBTV17-3. BTV-11 uninfected BHK-21 cells (E) and infected BHK-21 cells (F). and EICA for detection of BTV. However, ISH detected BTV-17 analyte as soon after infection as antigen detection, when the titer was 2.4 log 10 TCID 50 per ml (Table 3 ). The probe was prepared from the L3 segment of BTV-17. Of the heterologous BTV serotypes, BTV-2 was detected with the greatest sensitivity (3.3 log 10 TCID 50 per ml), followed by BTV-10 (4.2 log 10 TCID 50 per ml), BTV-11 (5.0 log 10 TCID 50 per ml), and finally BTV-13 (5.2 log 10 TCID 50 per ml). Variability between serotypes is probably due to the degree of sequence homology between genome segment 3 of BTV-17 and analogous segments in other virus serotypes. The reason for the high sensitivity of detection of the distantly related BTV-2 is unknown. However, the point in the growth curve at which each virus was detected reflects serologic relationships between the serotypes: BTV-17 was detected first at 6 hours PI, followed by BTV-11 at 18 hours PI, BTV-10 at 24 hours PI, and BTV-13 and BTV-2 at 36 hours PI
The probe used in this study was derived from the BTV-17 L3 RNA genome segment, which codes for the major capsid protein VP3. 21 The L3 segment is highly conserved among BTV serotypes and thus is group-specific. 23 The VP3 core protein encoded by L3 is under less immunological pressure than outer shell proteins. Type-specific probes could be derived from segments coding for outer capsid proteins. 10, 14 Hybridization techniques should prove to be an important addition to the repertoire of the veterinary diagnostician. Because the BTV genome is comprised of double-stranded RNA, which is resistant to RNase activity, this analyte may be present in situations, such as autolyzed fetal tissues or in latent infections, when infectious virus or viral antigen may be undetectable. The ISH technique reported here should be especially valuable for studying the pathogenesis of BTV in vertebrate hosts.
